Motor speech disorders in children {#S1}
==================================

Recent research in motor speech disorders in children suggests that there is need for three motor speech classifications ([@R41]).

Childhood dysarthria, and childhood apraxia of speech {#S2}
-----------------------------------------------------

The most common context for childhood motor speech disorders is Childhood Dysarthria (CD) as it occurs in children with congenital neurodevelopmental disorders such as cerebral palsy, or in children who acquire a disorder such as traumatic brain injury during the developmental period ([@R7]; [@R18]). Childhood Apraxia of Speech (CAS), in contrast, has most often been studied as an idiopathic disorder, with more recent interdisciplinary interest in the genomic antecedents of CAS in both idiopathic contexts and in the context of complex neurodevelopmental disorders ([@R1]; [@R27]).

Speech motor delay {#S3}
------------------

In addition to the motor speech literatures in CD and CAS, the literature in idiopathic Speech Delay (SD) includes proposals, findings, and discussions suggesting a 'motor component' in some children with idiopathic SD ([@R41]). The general hypothesis is that just as there are clinical entities for idiopathic delays in other developmental domains (e.g., cognitive delay, language delay, speech delay) there is need in Speech Sound Disorders (SSD) for a classification entity for children with speech motor delay.

A research program in SSD included the goals of developing valid and reliable measures to identify CAS, CD, and to identify a motor speech disorder that does not meet criteria for either CAS or CD ([@R32]). The research initially used the provisional term Motor Speech Disorder-Not Otherwise Specified as a placeholder classification for this latter putative disorder ([@R31], [@R32]; [@R36]; [@R45]). Findings from subsequent research with children with idiopathic SD ([@R33]) and children with SD in the context of complex neurodevelopmental disorders ([@R2]) supported replacing the provisional term with the present term, Speech Motor Delay (SMD). Specifically, perceptual and acoustic analyses reported in [@R33] indicated that the early speech-prosody-voice phenotypes of children meeting criteria for the placeholder classification Motor Speech Disorder-Not Otherwise Specified is consistent with a *delay* in neuromotor precision-stability (i.e., the lower tail of speech motor development).

A Supplement for this research series provides detailed information on classification methods \[[Supplementary Data](#SD1){ref-type="supplementary-material"}\]. The Supplement includes a copy of the Precision-Stability Index (PSI), the 32-sign measure developed to identify SMD. Psychometric and reference data for the PSI are provided in two technical reports ([@R14]; [@R44]).

Statement of purpose {#S4}
====================

The goals of the present paper are to describe initial findings for the behavioural phenotype of SMD and its persistence. Using information in a database described in [@R41], three questions were posed about the phenotype of SMD in children with idiopathic SD. Two additional questions focusing on the persistence of SMD were posed using information from retrospective longitudinal audio-recordings of 14 children with early SMD in treatment for SD. The rationales for each question address initial phenotype and persistence questions that can be posed using the present retrospective data. Following are the five questions, each with implications for theory and practice in children with SSD: Were estimates of the prevalence of SMD in children with idiopathic SD associated with any participant variables?Which were the most frequent early signs of SMD in participants with idiopathic SD and SMD?Did participants with SMD differ significantly from participants with No Motor Speech Disorder (No MSD) on any participant variables?Did early SMD persist past 6 or 9 years of age in any participant treated for idiopathic SD?Were any demographic or early speech variables significantly associated with the persistence of SMD in participants treated for SD?

Methods {#S5}
=======

Participants for the phenotype questions {#S6}
----------------------------------------

[Table 1](#T2){ref-type="table"} is a summary of demographic, cognitive-language, and speech competence findings for four classifications of Motor Speech Disorder (MSD) described in [@R41]. The [Appendix](#APP1){ref-type="app"} (adapted from [Table 2](#T3){ref-type="table"} in [@R41]) and the Supplement for the present series of articles \[[Supplementary Data](#SD1){ref-type="supplementary-material"}\] provide detailed information on the measures and procedures used for the four MSD classifications. An overview of the measure used to identify SMD is provided in a subsequent section.

The 415 participants in [Table 1](#T2){ref-type="table"} had been recruited for studies of idiopathic SD in local and collaborative studies conducted over several decades in six cities in the U.S. All participants had been assented and/or consented to participate in the research using procedures and forms approved by internal review boards at the University of Wisconsin-Madison and five other collaborative research sites. As shown in [Table 1](#T2){ref-type="table"}, 341 (82.2%) participants in the six data sets met criteria for No MSD, 50 (12%) met criteria for SMD, 14 (3.4%) met criteria for CD, and 10 (2.4%) of the participants met criteria for CAS ([@R41]). There were no participants in the present database of children with idiopathic SD who met criteria for concurrent CD & CAS. The focus of the present paper is on the 50 participants who met criteria for SMD. Findings from the 341 participants with No MSD provided control data for the descriptive and inferential statistical analyses.

Participants for the persistence questions {#S7}
------------------------------------------

[Table 2](#T3){ref-type="table"} is a summary of demographic, language, and speech characteristics of 14 children in treatment for idiopathic SD who were retrospectively identified as having early SMD. Participants were selected from collaborative research at two university research sites at which databases of audio-recorded conversational samples were available. All participants had been assented and/or consented to participate in one or more studies of idiopathic SD using procedures and forms approved by internal review boards at the University of Wisconsin-Madison and Case Western Reserve University, Cleveland, Ohio. Conversational samples were obtained weekly to multi-yearly to monitor children's normalization of speech sound deletions and substitutions. Examiners at each site had used conversational speech sampling procedures designed to be naturalistic and maximally productive for children with low verbal output (e.g., [@R15]; [@R41].

The 14 participants in [Table 2](#T3){ref-type="table"} were selected from a total of 104 participants for whom retrospective longitudinal data were available. There were two criteria for selecting participants and speech samples for the present study: 1) the participant met the Speech Disorders Classification System criterion for SMD on the PSI (i.e., \< 70%) on at least one occasion when a conversational speech sample was available before the participant was 6 years of age, and 2) the participant either met criteria for No MSD on at least one later recording date or continued to meet the criterion for SMD on at least one later recording date. Perceptual and acoustic data reduction of all recordings from the 14 participants were completed for the present analyses by the research personnel who completed data reduction in [@R41].

As shown in [Table 2](#T3){ref-type="table"}, the 14 participants were from 3 years, 1 month of age to 5 years, 9 months of age at the earliest available conversational speech sample. The summary demographic statistics for the 14 children are generally similar to those for the 50 participants with SMD in [Table 1](#T2){ref-type="table"}, with mean values on the continuous variables within a standard deviation of one another. [Table 2](#T3){ref-type="table"} includes the several full-scale and subscale language scores available for each participant and the two speech competence scores available from all children at their earliest recorded sample. These scores were also consistent with the range of language and speech competence scores of participants in the phenotype database ([Table 1](#T2){ref-type="table"}).

Motor speech classification {#S8}
---------------------------

The following is a brief description of the PSI. Readers may wish to review classification information for this measure in the [Appendix](#APP1){ref-type="app"} and in the [Supplement](#SD1){ref-type="supplementary-material"}. The Supplement includes a copy of the PSI that provides computational information on each of the 32 PSI signs of SMD.

The 13 perceptual and 19 acoustic items that comprise the PSI assess the spatiotemporal precision and stability of speech (18 signs), prosody (5 signs), and voice (9 signs). The signs of imprecision and instability were selected from research and clinical discussions of typical and atypical motor speech development, together with anecdotal observations of the speech, prosody, and voice profiles of children suspected to have a 'motor' component to their idiopathic SD. An age-sex standardized value (z-score) for each sign is obtained from the conversational speech samples from each participant. Sources for procedural information on narrow phonetic transcription, prosody-voice coding, and acoustic data reduction for the PSI are included in [@R36] and [@R14]. A database of 200 typical speakers, 3 to 80 years of age, was used to standardize PSI scores ([@R25]; [@R28]). A z-score less than −1.25 standard deviation units on each sign indicates performance below the typical age-sex adjusted mean for the sign. The PSI percentage score is calculated by dividing the number of standardized signs lower than −1.25 by 32 (or less if missing data) and subtracting the quotient from 100, so that lower percentage scores reflect reduced precision and stability. Speakers with PSI scores lower than 70% are classified as PSI+ (i.e., SMD). Speakers who meet the Speech Disorders Classification System criteria for both SMD and any of the other three MSD classifications -- CD, CAS, or CD & CAS -- are classified as positive on the relevant latter, putatively more severe MSD classifications.

Data reduction and reliability estimates {#S9}
----------------------------------------

Four transcriptionists and/or acoustic analysts completed narrow phonetic transcription, prosody-voice coding, and acoustic analyses of the continuous speech samples. A research assistant error-checked the transcripts and entered them into software titled *Programs to Examine Phonetic and Phonologic Evaluation Records* ([@R26]). [Table 3](#T4){ref-type="table"} in [@R41] provides a summary of the point-to-point interjudge and intrajudge percentage of agreement findings for 60 conversational samples from the 415 participants randomly selected to be proportionate to the prevalence obtained for each MSD. As reported, the mean agreement across 26 estimates was 87.9% (*SD* = 5.9%), which is consistent with reliability estimates for comparable perceptual and acoustic variables in SSD research ([@R41]).

Results and discussion {#S10}
======================

It is efficient to organize this section by the five questions posed in the Statement of Purpose, with each of the following sections including rationale for the question, findings, and discussion. Analyses and discussion are limited by several design considerations, notably those associated with retrospective data and cell sizes.

Question 1: were estimates of the prevalence of SMD in children with idiopathic SD associated with any participant variables? {#S11}
-----------------------------------------------------------------------------------------------------------------------------

### Rationale {#S12}

The prevalence of SMD in the six samples of children with idiopathic SD ([@R41]) was estimated at 12%, the mean of the samples at six study sites. The range of the prevalence estimates was notably wide, from 2.8% at one site to 22.4% at another. Because the speech sampling procedures and recording instrumentation were similar at each site, and the measures, data reduction procedures, data reduction personnel, and classification software were exactly the same for all six estimates, the differences in the prevalence estimates obtained at the study sites were assumed to be associated with one or more participant variables at the different sites. The first question examines the support for that explanation, which may inform the phenotypic characteristics of SMD.

### Findings {#S13}

[Table 3](#T4){ref-type="table"} includes descriptive findings for the study sample with the highest (22.4%) and lowest (2.8%) prevalence of SMD. The two study samples were comparable in size (*n*s of 67 and 72 participants). Between-group statistical comparisons for each variable in [Table 3](#T4){ref-type="table"} were completed using the inferential tests for categorical and continuous variables described in the table. Analyses were treated family-wise to minimize Type II errors due to the many comparisons with relatively few participant data ([@R9]; [@R19]; [@R23]). Four statistically significant findings in [Table 3](#T4){ref-type="table"} are described below, followed by discussion.

The first significant finding in [Table 3](#T4){ref-type="table"} is that participants in the study sample with a high prevalence of SMD (22.4%) were approximately one year older than participants in the study sample with a low prevalence of SMD (2.8%). Participants in the high prevalence of SMD sample averaged 5.1 years of age (*SD*: 1.5 yrs), compared to an average of 4.0 years of age (*SD*: 0.07 yrs) for participants in the low prevalence sample. Second, parent report questionnaires indicated that significantly more participants in the high than the low SMD prevalence sample were reported to have concurrent speech deficits, and notably, expressive language disorders. Third, significantly more participants in the high than the low prevalence of SMD sample had lower standardized scores on the performance and memory subscales of the Syllable Repetition Task ([@R43]). Last, four findings for the speech and intelligibility measures in [Table 3](#T4){ref-type="table"} indicated that significantly more participants in the high than low prevalence of SMD sample had higher average speech and intelligibility scores compared to the average speech and intelligibility scores of participants in the low SMD prevalence sample.

### Discussion {#S14}

The finding that the study sample with the high prevalence of SMD was significantly older than the group with the low prevalence is not consistent with a developmental explanation of SMD. That is, if the prevalence of SMD is associated with age, older participants would be more likely to have a lower prevalence of SMD. A significant difference in the treatment histories of participants in the two study groups prior to their enrollment in each study group (as discussed in the next paragraph) provides a possible explanation of the four significant findings in [Table 3](#T4){ref-type="table"}.

The inclusionary/exclusionary participation criteria for the six studies was moderate to severe SD, but the treatment histories of participants were not similar. Inspection of participant records indicated that almost all (95%) of the participants in the high prevalence SMD group in [Table 3](#T4){ref-type="table"} (SMD prevalence = 22.4%) had received treatment prior to enrollment in the study, whereas none (0%) of the participants in the low prevalence SMD group (SMD prevalence = 2.8%) had received treatment prior to enrollment in the present study. Findings are interpreted as proof of concept for the construct of SMD. As previously reviewed, a motivation for the development of a third type of motor speech disorder in addition to dysarthria and apraxia of speech was the frequent observation in research and clinical SSD literatures that some children are suspected to have a motor component to their idiopathic SD. This observation may sometimes be suspected for children who are not making expected progress in treatment for idiopathic SD. Although the older participants in the present study sample with a high prevalence of SMD had significantly higher speech competence and higher intelligibility ([Table 3](#T4){ref-type="table"}), their referral by parents and local clinicians to a study on moderate-severe SSD was plausibly consistent with their lowered memory and lowered expressive language scores, and the percept by parents and clinicians that they appeared to continue to have speech production needs. That is, although 95% of the significantly older participants in this study sample had been in treatment for SD, and their average speech and intelligibility scores (adjusted for age and sex) were significantly higher than the average scores of the younger participants in the comparison study sample that had not had treatment, a significantly higher percentage of these participants met criteria for SMD (Fisher's exact test = 0.000).

Question 2: which were the most frequent early signs of SMD in participants with idiopathic SD and SMD? {#S15}
-------------------------------------------------------------------------------------------------------

### Rationale {#S16}

In a research series on CAS, one of four criteria proposed for a core phenotypic sign of a motor speech classification was that the sign is present at both the earliest and latest stages of expression of the disorder ([@R46]). To address the second phenotype question, the present analyses examined findings for the 32 PSI signs for each of the 50 participants with SMD to determine which PSI signs were most often present at the earliest available assessment. The present database did not include follow-up data to assess whether the same signs also persisted until SMD normalized, and there were too few participants with persistent SMD in the second database ([Table 2](#T3){ref-type="table"}) to address the question.

### Findings {#S17}

[Table 4](#T5){ref-type="table"} includes information for PSI signs on which more than 50% of theparticipants with SMD (i.e., at least 26 of the 50 participants) met the standardized criteria for imprecision or instability. This arbitrary proportional criterion yielded 10 (31.3%) of the 32 PSI signs operationally defined as possible core phenotypic features of SMD. As shown in [Table 4](#T5){ref-type="table"}, the percentage of the 50 participants with SMD who had z-scores lower than 1.25 on each of the 10 signs ranged from 52% to 66.7% (*M*: 56.3; *SD*: 5.6). In comparison, the percentage of the 341 participants with No MSD with z-scores lower than 1.25 on each of the 10 signs ranged from 11.1% to 47.7% (*M*: 25.8; *SD*: 11.8). It should be noted that Sign No. 12, the sign on which the highest percentage of participants with No MSD were positive (47.7%), was the acoustic marker for dentalized /s/ initial singletons, one of the most common phoneme distortions in children with any type of SSD.

The primary finding toward the goal of characterizing the phenotype of SMD is that, as shown in the left-most column in [Table 4](#T5){ref-type="table"}, the 10 most frequent signs of SMD involve motor speech processes within each of the three domains of Speech, Prosody, and Voice. Specifically, the 10 most frequent signs of early SMD included age-inappropriate motor behaviours in subdomains of Speech (Vowels, Consonants, and both Vowels and Consonants), Prosody (Rate, Stress), and Voice (Laryngeal Quality). A second finding in [Table 4](#T5){ref-type="table"} is that 7 of the 10 most frequent signs of SMD involved speech production. A third finding is that the items were scored using both perceptual (6 signs) and acoustic (4 signs) methods. Last, as shown in the totals in the bottom rows of the right-most four columns in [Table 4](#T5){ref-type="table"}, the most frequent signs of SMD included both precision (7 signs) and stability (3 signs) attributes and spatial (5 signs) and temporal (4 signs) features.

### Discussion {#S18}

Findings in [Table 4](#T5){ref-type="table"} are interpreted to indicate that rather than being circumscribed to only certain motor domains, the SMD phenotype is characterized by an 'across-the-board' delay in the acquisition of precise and stable speech, prosody, and voice, predominantly in movements subserving speech production. Moreover, the potentially core signs of SMD in [Table 4](#T5){ref-type="table"} include delays in development of both spatial and temporal precision and stability. A technical report provides reference data for children with SD with and without concurrent SMD ([@R35]).

What does not emerge from these initial findings is a speech, prosody, and voice profile of SMD that provides quantitative support to SMD as a unique clinical entity relative to CD and CAS. Alternative multivariate statistical techniques to the present univariate analyses, which would require many more participants in each of the four motor speech classifications, could be informative. At present, SMD is proposed as a clinical classification that provides psychometric support for the concept of a delay in speech motor development, with implications for prediction, treatment, and eventually, prevention.

Question 3: did participants with SMD differ significantly from participants with No MSD on any participant variables? {#S19}
----------------------------------------------------------------------------------------------------------------------

### Rationale {#S20}

The phenotype analysis examined whether a participant's status on any demographic, parent report, cognitive-linguistic, or speech variable was significantly associated with risk for SMD. [Table 5](#T6){ref-type="table"} includes findings for the 50 participants in [@R35] with SMD, with findings from the 341 participants with No MSD providing the control data.

### Findings {#S21}

Two sets of findings in [Table 5](#T6){ref-type="table"} provide additional information on the SMD phenotoype. First, other than speech status, the three variables in [Table 4](#T5){ref-type="table"} that significantly differentiated participants with SMD from those with No MSD were each associated with language processes. Significantly more participants with SMD had a parent-reported expressive language disorder, lower encoding scores on a nonword repetition task, and a lower average number of words per utterance in conversational speech. Second, relative to the speech variables, participants with SMD had significantly lower scores than participants with No MSD on Percentage of Consonants Correct-Z-Score, Percentage of Vowels Correct, Intelligibility Index, and Intelligibility Index-Z-score, and they had a significantly higher percentage of participants with Lowered intelligibility on the Ordinal Intelligibility Index. Relative to the speech variables, the summary consonant, vowel, and intelligibility findings in [Table 5](#T6){ref-type="table"}, adjusted for age and sex, document lowered speech competence as a significant feature of the SMD phenotype.

### Discussion {#S22}

A central research and clinical question is whether the type and/or severity of language impairment in SD in children with concurrent SMD differs significantly from the language profiles of children with SD but not SMD, a question that could not be addressed due to the diverse language measures used in the present database. Clearly, associations between neurocognitive and neuromotor developmental processes are of central interest in speech-language disorders, with SMD a possibly useful research entity to bridge research in the two domains.

Question 4: did early SMD persist past 6 or 9 years of age in any participant treated for idiopathic SD? {#S23}
--------------------------------------------------------------------------------------------------------

### Rationale {#S24}

Children with developmental delays in the acquisition of behaviours may self-correct without treatment (i.e., a primary rationale for the clinical recommendation to 'watch and wait'). Consistent with contemporary clinical practice, each of the 14 children with SD in the database described in [Table 2](#T3){ref-type="table"} were provided treatment beginning at preschool age. The last two questions addressed in the present study examined the persistence of SMD as rationale for replacing the provisional term Motor Speech Disorder-Not Otherwise Specified with Speech Motor Delay (SMD). We use the conventional ages of 6 years as the terminus point for typical acquisition of most English consonants (e.g., [@R3]; [@R40]), and Persistent SD for consonant deletions and substitutions that persist past 9 years ([@R38]). Lacking empirical support at present, it would seem that a conservative arbitrary designation would be to term SMD after 9 years of age as Persistent SMD.

### Findings {#S25}

[Table 2](#T3){ref-type="table"} includes descriptive information for 14 children treated for idiopathic SD, some over a lengthy period in which multiple conversational speech samples were obtained for clinical probes and/or research needs. [Figure 1](#F1){ref-type="fig"} includes speech motor classification findings for each of the 14 participants in [Table 2](#T3){ref-type="table"} organized to address the present question of whether early SMD persisted past 6 or 9 years in any of the participants. The symbols in [Figure 1](#F1){ref-type="fig"} indicate participants with early SMD (filled circles) who normalized (No MSD at assessment; open circles) by 6 years or 9 years of age or had Persistent SMD at assessment (filled triangles) after 9 years of age.

As shown in [Figure 1](#F1){ref-type="fig"}, SMD persisted in 3 of the 14 (21.4%) of the participants after 9 years of age. The remaining 11 (78.6%) participants normalized SMD before 9 years, with no available data points between 6 and 9 years for participants 9, 10, and 11 to estimate if they may have normalized during that period. Correlation analyses of the early PSI percentage scores did not indicate any association between the magnitudes of the percentage scores and persistent SMD.

### Discussion {#S26}

The findings in [Figure 1](#F1){ref-type="fig"} indicating that nearly 80% of the present participants normalized SMD (i.e., met criteria for No MSD by 9 years of age) are viewed as support for the construct validity of a motor speech disorder characterized by a speech motor *delay*. The present data are not informative on whether normalization by 9 years of age would have occurred if these latter participants had not been in treatment for SD or what type(s) of treatment might have been focused on motor speech targets. As well, the present findings raise the question of whether the three participants with persistent SMD may have normalized if their SMD had been identified and at least partially treated using principles of motor learning (e.g., [@R13]).

Question 5: were any demographic or early speech variables significantly associated with the persistence of SMD in participants treated for SD? {#S27}
-----------------------------------------------------------------------------------------------------------------------------------------------

### Rationale {#S28}

The primary goal of the final analyses was to examine whether age, sex, or any of the speech measures for the 14 participants with SMD prior to 6 years of age were significantly associated with the persistence of SMD past 9 years of age.

### Findings {#S29}

[Table 6](#T7){ref-type="table"} includes findings for the two demographic variables and the nine raw and standardized measures of consonants, vowels, and intelligibility. None of the 11 comparisons were statistically significant. Notably, differences in the severity of early SD were not associated with SMD persistence findings. Specifically, participants whose SMD normalized by 9 years of age averaged poorer early speech production and intelligibility scores (see [Table 2](#T3){ref-type="table"} for ages of participants at preschool assessment) than the participants whose SMD persisted after 9 years of age. For example, the averages of the Percentage of Consonants Correct raw and z-scores of participants with Normalized SMD were lower than the average Percentage of Consonants Correct scores of participants with Persistent SMD.

### Discussion {#S30}

There were too few available data on demographic and language variables to adequately explore their potential association with the phenotype and persistence of SMD. Specifically, the available retrospective data are not sufficient to support speculation on the interaction of language variables and the severity and persistence of SD with and without early concurrent SMD. If the trends in the present study are obtained in prospective cross-validation studies, they would support the construct validity of SMD as a clinical entity, perhaps particularly for children with PSD.

Conclusion {#S31}
==========

Two methodological limitations of the present research warrant comment. First, the behavioural measures of SMD, CD, and CAS used in this research have only recently become available, warranting replication to estimate their internal and external validity. Second, SMD findings in the present paper are based on retrospective data. Prospective phenotype and persistence studies are needed to assess the generalizability of findings with large, representative samples from diverse clinical communities. Findings from recent treatment studies by Namasivayam and colleagues ([@R20]; [@R21]) support the construct validity of SMD, using rationale and methods similar to those described in [@R33].

The present phenotype and persistence findings for SMD are interpreted to support SMD as a valid childhood motor speech disorder. As with CD and CAS, basic and applied research in SMD in idiopathic and symptomatic contexts is needed to explicate its biobehavioural origins and their implications for prevention and treatment. A possibility is that although the speech processing phenotypes of SMD, CD, and CAS presumably differ, the prevalence, phenotype, and persistence findings reported support the likelihood of common biologic pathways across the three disorders. Specifically, the reported comorbidity of speech, motor speech, and language disorder is consistent with the possibility of identifying causal genes that confer risk for pleiotropic effects within and among neurodevelopmental domains ([@R12]; [@R17]; [@R24]; [@R47]; [@R48], [@R49]).
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  The five Speech classifications and five Motor Speech classifications in the SDCS are each mutually exclusive. The five dysarthria subtype classifications are not mutually exclusive. That is, a speaker can meet percentile criteria for more than one of the five listed dysarthria subtype classifications (i.e., mixed dysarthria). See [Supplement](#SD1){ref-type="supplementary-material"} for the procedures and measures used to classify each motor speech disorder.                                                                                                                          
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------- --------- ------------------------------------------------------------------------------------------------- ---------
  Five Speech Classifications                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
    Normal(ized) Speech Acquisition                                                                                                                                                                                                                                                                                                                                                                                                                                                 NSA        3--80     Does not meet criteria for any of the four Speech Disorder classifications                        2, 3, 4
    Speech Errors                                                                                                                                                                                                                                                                                                                                                                                                                                                                   SE         6--8;11   Age-inappropriate speech sound distortions                                                        3, 4
    Persistent Speech Errors                                                                                                                                                                                                                                                                                                                                                                                                                                                        PSE        9--80     Age-inappropriate speech sound distortions that persist past 9 years of age                       4, 5
    Speech Delay                                                                                                                                                                                                                                                                                                                                                                                                                                                                    SD         3--8;11   Age-inappropriate speech sound deletions and/or substitutions                                     3, 4
    Persistent Speech Delay                                                                                                                                                                                                                                                                                                                                                                                                                                                         PSD        9--80     Age-inappropriate speech sound deletions and/ or substitutions that persist past 9 years of age   3, 4, 5
  Five Motor Speech Classifications                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
    No Motor Speech Disorder                                                                                                                                                                                                                                                                                                                                                                                                                                                        No MSD     3--80     Does not meet criteria for any of the four Motor Speech Disorders classifications                 2, 6, 8
    Speech Motor Delay                                                                                                                                                                                                                                                                                                                                                                                                                                                              SMD        3--80     Meets PSI criterion for SMD                                                                       2, 6, 8
    Childhood Dysarthria                                                                                                                                                                                                                                                                                                                                                                                                                                                            CD         3--80     Meets DI and DSI criteria for CD                                                                  2, 6, 8
    Childhood Apraxia of Speech                                                                                                                                                                                                                                                                                                                                                                                                                                                     CAS        3--80     Meets PM criterion for CAS                                                                        6, 7, 8
    Childhood Dysarthria & Childhood Apraxia of Speech                                                                                                                                                                                                                                                                                                                                                                                                                              CD & CAS   3--80     Meets SDCS criteria for CD & CAS                                                                  2, 6, 8
  Five Dysarthria Subtypes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
    Ataxic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     3--80     Cerebellar disorder                                                                               1, 2
    Spastic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    3--80     Upper motor neuron disorder                                                                       1, 2
    Hyperkinetic                                                                                                                                                                                                                                                                                                                                                                                                                                                                               3--80     Basal ganglia disorder; increased movement                                                        1, 2
    Hypokinetic                                                                                                                                                                                                                                                                                                                                                                                                                                                                                3--80     Basal ganglia disorder; decreased movement                                                        1, 2
    Flaccid                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    3--80     Lower motor neuron disorder                                                                       1, 2

*Notes*: PSI = Precision-Stability Index; DI = Dysarthria Index; DSI = Dysarthria Subtype Index; PM = Pause Marker.

1\. [@R7]; 2. [@R14]; 3. [@R30]; 4. [@R34]; 5. [@R36]; 6. [@R44]; 7. [@R46]; 8. [@R50].
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![Persistence of Speech Motor Delay (SMD) in 14 participants treated for idiopathic Speech Delay (SD).](nihms-1524505-f0001){#F1}

###### 

Motor speech classifications and demographic, cognitive-language, and speech information for 415 participants with Speech Delay.

  Motor Speech Classification         Demographic   Cognitive-Language   Speech                                                                                                                                      
  ----------------------------- ----- ------------- -------------------- -------- ------ ------ ------- --------------------------------------- ------- --------------------------------------- ------ ------ ------ ------
  No MSD                        341   4.8           1.7                  3--16    30.0   70.0   100.6   14.2                                    96.1    15.6                                    74.5   12.2   92.1   7.8
  SMD                           50    5.1           1.7                  3--10    20.0   80.0   100.6   12.1                                    97.2    13.6                                    71.8   14.3   88.8   10.2
  CD                            14    4.7           1.6                  3--8     21.4   78.6   109.8   11.1                                    105.0   17.0                                    70.0   14.8   83.4   14.6
  CAS                           10    5.0           1.7                  3--9     20.0   80.0   63      \* ^[e](#TFN12){ref-type="table-fn"}^   77      \* ^[e](#TFN12){ref-type="table-fn"}^   76.3   9.6    84.4   15.1
  Total/Average                 415   4.9           1.7                  3--16    28.4   71.6   100.8   14.1                                    96.6    15.4                                    74.1   12.6   91.2   8.8
  Group-Averaged                      4.9           1.7                           22.9   77.2   93.5    12.5                                    93.8    15.4                                    73.2   12.7   87.2   11.9

*Notes*: PCC = Percentage of Consonants Correct; II = Intelligibility Index; No MSD = No Motor Speech Disorder; SMD = Speech Motor Delay; CD = Childhood Dysarthria; CAS = Childhood Apraxia of Speech.

Scores for Cognition: IQ Composite (*n* = 25) from *Kaufman Brief Intelligence Test* -- *Second Edition*; [@R11].

Total Score Standard Score (General Ability; *n* = 64) from *Detroit Tests of Learning Aptitude-Primary: Third Edition;* [@R10].

Full IQ (*n* = 16) from *Weschler Abbreviated Scale of Intelligence*; [@R51].

Scores for Language: Oral Composite Standard Score (*n* = 27) from *Oral and Written Language Scales (OWLS);* [@R4].

Oral Composite Standard Score (*n* = 66) from *Oral and Written Language Scales, Second Edition* (*OWLS-II*); [@R5].

Core Language Standard Scores (*n* = 23) from *Clinical Evaluation of Language Fundamentals-4 (CELF*--*4);* [@R29].

[@R34].

[@R30].

Standardized cognition and language measures available for only one participant.

###### 

Demographic, language, and speech information for 14 participants in treatment for idiopathic Speech Delay.^[a](#TFN14){ref-type="table-fn"}.^

                  Sex                                                                                 Speech                                          
  ------ -------- ------ ---------------------------------------------------------------------------- ---------------------------------------- ------ -------
  1      3;1             X                                                                            *PPVT-R* SS: 99                          53.4   82.9
                         *PLS*: Auditory Comprehension Quotient: 100; Verbal Ability                                                                  
                         Quotient: 87                                                                                                                 
  2      3;6             X                                                                            *OWLS*: Oral Composite SS: 99            61.7   81.8
  3      3;6             X                                                                            *PPVT-R* SS: 66                          66.5   76.6
                         *TOLD-P*: Subtest I SS: 63; Subtest II: 16; Subtest III: 9; Subtest IV: 9;                                                   
                         Subtest V: 9                                                                                                                 
  4      3;10            X                                                                            [\*](#TFN16){ref-type="table-fn"}        68.2   70.4
  5      4;1             X                                                                            *PPVT-R* SS: 95                          63.1   80.6
  6      4;2             X                                                                            [\*](#TFN16){ref-type="table-fn"}        80.1   95.2
  7      4;4             X                                                                            *OWLS*: Oral Composite SS: 101           70.9   96.2
  8      4;5             X                                                                            *PLS-3*: Receptive: 76; Expressive: 67   42.1   75.2
  9      4;7             X                                                                            [\*](#TFN16){ref-type="table-fn"}        80.1   95.4
  10     5;0      X                                                                                   [\*](#TFN16){ref-type="table-fn"}        71.3   96.2
  11     5;1             X                                                                            [\*](#TFN16){ref-type="table-fn"}        73.8   73.2
  12     5;4             X                                                                            *PPVT-R* Percentile: 99th                66.7   97.2
  13     5;7      X                                                                                   *PPVT-R*: Age equivalent 4;9             67.4   100.0
                         *The Miller-Yoder Test of Grammatical Comprehension*: 'passed all 5                                                          
                         and 6 year level items'                                                                                                      
                         *The Token Test for Children*: scored within age level on all 5                                                              
                         subtests                                                                                                                     
  14     5;9             X                                                                            [\*](#TFN16){ref-type="table-fn"}        82.9   91.8
  Mean   4;5                                                                                                                                   67.7   86.6
  SD     10 mos                                                                                                                                10.8   10.4
  \%              14.3   85.7                                                                                                                         

*Notes*: PPVT-R = Peabody Picture Vocabulary Test-Revised; SS = Standard Score; PLS = Preschool Language Scale; OWLS = Oral and Written Language Scales; TOLD-P = Test of Language Development-Primary; PLS-3 = Preschool Language Scale-3; II = Intelligibility Index and PCC = Percentage of Consonants Correct.

Participants are ordered by age at first assessment: language and speech data were obtained at the same or approximate age. All speech data were obtained from retrospective longitudinal audio-recordings.

*Peabody Picture Vocabulary Test-Revised* ([@R8]); *Preschool Language Scale* ([@R52]); *Oral and Written Language Scales* ([@R4]); TOLD-P = *Test of Language Development-Primary* ([@R22]); *Preschool Language Scale-3* ([@R53]); *The Miller-Yoder Test of Grammatical Comprehension* ([@R16]); *The Token Test for Children* ([@R6]).

= no data.

[@R34].

[@R30].

###### 

Description of participant samples with high (Sample 1) and low (Sample 2) prevalence of Speech Motor Delay (SMD).^[a](#TFN20){ref-type="table-fn"}.^

                                                                             Sample 1: High Prevalence of SMD (22.4%)   Sample 2: Low Prevalence of SMD: (2.8%)   Between-group Comparisons                                                                                          
  -------------------------------------------------------------------------- ------------------------------------------ ----------------------------------------- --------------------------- ---------- -------- ----------- ---------- ---------- ------------------ ------------- -----------
  Demographic                                                                                                                                                                                                                                                                        
  **Age (yrs)**                                                              **67**                                     **5.1**                                   **1.5**                                **72**   **4.0**     **0.7**               **0.59, 1.30**     **0.95 L**    
  Gender (male)                                                                                                                                                                               77.6                                       73.6                                        0.694
  Parent Report-Risk Factors                                                                                                                                                                                                                                                         
  Speech, Language, & Learning                                                                                                                                                                                                                                                       
  **Articulation/Phonology**                                                 **60**                                                                                                           **92.3**   **44**                          **68.8**                                    **0.001**
  Apraxia                                                                    6                                                                                                                9.2        3                               4.8                                         0.492
  Dysarthria                                                                 3                                                                                                                4.6        0                               0.0                                         0.244
  Receptive language disorder                                                7                                                                                                                10.8       2                               2.9                                         0.090
  **Expressive language disorder**                                           **17**                                                                                                           **26.2**   **3**                           **4.8**                                     **0.001**
  Structural disorder                                                        5                                                                                                                7.7        2                               3.1                                         0.440
  Fluency disorder                                                           6                                                                                                                9.2        1                               1.4                                         0.057
  Voice Disorder                                                             3                                                                                                                4.6        1                               1.5                                         0.358
  Other Disorder                                                             4                                                                                                                6.2        0                               0.0                                         0.058
  Learning disability                                                        3                                                                                                                4.5        3                               4.2                                         1.000
  Hearing                                                                                                                                                                                                                                                                            
  History of hearing problems                                                5                                                                                                                7.7        4                               5.7                                         0.738
  OME 16+ in first 18 months                                                 2                                                                                                                3.4        4                               6.8                                         0.679
  PE tubes placed                                                            11                                                                                                               16.4       9                               12.5                                        0.630
  Genetics                                                                                                                                                                                                                                                                           
  Nuclear family member with                                                 32                                                                                                               49.2       31                              46.3                                        0.862
  verbal trait disorder                                                                                                                                                                                                                                                              
  Cognitive-Linguistic                                                                                                                                                                                                                                                               
  Syllable Repetition Task^[d](#TFN23){ref-type="table-fn"}^                                                                                                                                                                                                                         
  **Performance**                                                            **66**                                     **−1.16**                                 **1.42**                               **71**   **−0.58**   **1.02**              **−0.81, −0.13**   **−0.47 S**   
  Encoding                                                                   66                                         −0.44                                     1.09                                   69       −0.14       1.03                  −0.62, 0.06        −0.28         
  **Memory**                                                                 **67**                                     **−1.01**                                 **1.78**                               **72**   **0.13**    **0.81**              **−1.18, −0.48**   **−0.83 L**   
  Language                                                                                                                                                                                                                                                                           
  **Average Words/Utterance-Z**                                              67                                         −1.38                                     1.14                                   72       −1.94       1.03                  **0.18, 0.85**     **0.51 M**    
  Speech                                                                                                                                                                                                                                                                             
  **PCC**                                                                    **67**                                     **80.6**                                  **11.2**                               **72**   **70.0**    **9.6**               **0.66, 1.37**     **1.01 V**    
  **PCC-Z**                                                                  **67**                                     **−1.86**                                 **1.58**                               **72**   **−2.44**   **1.19**              **0.08, 0.75**     **0.41 S**    
  PVC                                                                        67                                         93.3                                      5.3                                    72       91.7        5.3                   −0.03, 0.63        0.30          
  PVC-Z                                                                      67                                         −2.61                                     2.01                                   72       −3.21       1.71                  −0.01, 0.66        0.32          
  **II**                                                                     **67**                                     **94.4**                                  **7.2**                                **72**   **88.5**    **8.9**               **0.38, 1.07**     **0.72 M**    
  **II-Z**                                                                   **67**                                     **−1.79**                                 **2.10**                               **72**   **−3.54**   **1.94**              **0.51, 1.21**     **0.86 L**    
  **OII**^[e](#TFN24){ref-type="table-fn"}^: **% Lowered Intelligibility**                                                                                                                    **10.4**                                   **23.6**                                    **0.046**

*Notes*: OME = Otitis Media with Effusion; PE = Pressure Equalization; PCC-Z = Percentage of Consonants Correct-*Z*-score; PVC = Percentage of Vowels Correct; PVC-Z = Percentage of Vowels Correct-*Z*-score; II-Z = Intelligibility Index-Z-score; OII = Ordinal Intelligibility Index.

See text for description of treatment histories for each group. Statistically significant findings are bolded.

Effect Size: Small (S) \>0.2; Medium (M) \>0.5; Large (L) \>0.8; Very Large (V) \>1.0.

Fisher's exact tests.

[@R42].

[@R14]. Lowered intelligibility: \<85%.

###### 

Ten most frequent earliest available PSI signs for participants with Speech Motor Delay (SMD) and with No Motor Speech Disorder (No MSD).

  System                Domain                                                                                                                 PSI Sign No.   PSI Sign Description   Data Reduction   \% of Participants Positive on Sign   Attributes                                                                                        
  --------------------- ---------------------------------------------------------------------------------------------------------------------- -------------- ---------------------- ---------------- ------------------------------------- ------------ --- -------------------------------------- -------------------------------------- -- --
  Speech                Vowels                                                                                                                                                                                                                                                                                                                
  5                     Increased Duration for Mid-Vowels and Diphthongs                                                                                      X                      56.0             25.0                                  X                                                       X                                         
  6                     Reduced % Vowel Phoneme Target Consistency                                                                             X                                     65.0             32.4                                               X   X                                                                                
  7                     Reduced % Vowel Target Consistency                                                                                     X                                     66.7             28.7                                               X   X                                                                                
  Consonants                                                                                                                                                                                                                                                                                                                                  
  8                     Reduced % Correct Glides                                                                                               X                                     52.0             31.7                                  X                X                                                                                
  12                    Decreased 1st Moment on/s/Initial Singletons                                                                                          X                      53.3             47.7                                               X   X                                                                                
  Vowels & Consonants                                                                                                                                                                                                                                                                                                                         
  17                    Increased Diacritic Modification Index Class: Duration %                                                               X                                     54.0             24.3                                  X                                                       X                                         
  18                    Increased % of Epenthesis Errors                                                                                       X                                     60.0             33.1                                  X                X                                                                                
  Prosody               Rate                                                                                                                                                                                                                                                                                                                  
  21                    Increased Average Syllable Duration (ms) (without pauses)                                                                             X                      52.0             7.7                                   X                                                       X                                         
  Stress                                                                                                                                                                                                                                                                                                                                      
  23                    Increased % of Prosody-Voice Codes15/16 Excessive Equal codes of all Prosody-Voice Codes 15/16 (uncircled & circled)   X                                     52.3             11.1                                  X                                                       X                                         
  Voice                 Laryngeal Quality                                                                                                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                              
  29                    Decreased Harmonic-to-Noise Ratio (dB) for Vowels                                                                                     X                      52.0             16.5                                  X                \_\_[a](#TFN26){ref-type="table-fn"}   \_\_[a](#TFN26){ref-type="table-fn"}      
  Totals                6                                                                                                                      4                                                      7                                     3            5   4                                                                                
  Mean (SD)                                                                                                                                                   56.3 (5.6)             25.8 (11.8)                                                                                                                                              

Notes: PSI = Precision-Stability Index; ms = millisecond; dB = decibel.

Indeterminate.

###### 

Information for participants with Speech Motor Delay (SMD) and participants with No Motor Speech Disorder (No MSD).^[a](#TFN28){ref-type="table-fn"}.^

                                                                             SMD      No MSD      Inferential Statistics                                                                                           
  -------------------------------------------------------------------------- -------- ----------- ------------------------ ---------- --------- ----------- ---------- ---------- ------------------ ------------- -----------
  Demographic                                                                                                                                                                                                      
  Age (yrs)                                                                  50       5.1         1.7                                 341       4.8         1.7                   −0.12, 0.47        0.18          
  Gender (male)                                                                                                            80.0                                        70.0                                        0.181
  Parent Report-Risk Factors                                                                                                                                                                                       
  Speech, Language, & Learning                                                                                                                                                                                     
  Articulation/Phonology                                                     19                                            94.7       129                              79.8                                        0.200
  Apraxia                                                                    19                                            15.8       128                              7.0                                         0.189
  Dysarthria                                                                 19                                            0.0        130                              2.3                                         1.000
  Receptive language disorder                                                20                                            15.0       133                              7.5                                         0.380
  **Expressive language**                                                    **19**                                        **36.8**   **127**                          **14.2**                                    **0.023**
  **disorder**                                                                                                                                                                                                     
  Structural disorder                                                        19                                            5.3        130                              4.6                                         1.000
  Fluency disorder                                                           20                                            10.0       133                              4.5                                         0.281
  Voice Disorder                                                             20                                            5.0        132                              2.3                                         0.435
  Other Disorder                                                             19                                            0.0        131                              3.1                                         1.000
  Learning disability                                                        22                                            4.5        137                              3.6                                         1.000
  Hearing                                                                                                                                                                                                          
  History of hearing problems                                                20                                            5.0        134                              9.0                                         1.000
  OME 16+ in first 18 months                                                 18                                            0.0        119                              5.0                                         1.000
  PE tubes placed                                                            22                                            18.2       137                              15.3                                        0.754
  Genetics                                                                                                                                                                                                         
  Nuclear family member with                                                 20                                            30.0       132                              48.5                                        0.152
  verbal trait disorder                                                                                                                                                                                            
  Cognitive-Linguistic                                                                                                                                                                                             
  Syllable Repetition Task^[d](#TFN31){ref-type="table-fn"}^                                                                                                                                                       
  Performance                                                                24       −1.18       1.39                                174       −0.83       1.36                  −0.68, 0.17        −0.26         
  **Encoding**                                                               **25**   **−0.71**   **0.79**                            **171**   **−0.25**   **1.10**              **−0.85, −0.01**   **−0.43 S**   
  Memory                                                                     25       −1.02       1.91                                177       −0.49       1.48                  −0.76, 0.08        −0.34         
  Language                                                                                                                                                                                                         
  OWLS: Oral Composite^[e](#TFN32){ref-type="table-fn"}^                     20       97.2        13.6                                58        94.7        14.4                  −0.33, 0.68        0.17          
  **Average Words/Utterance**                                                **50**   **−1.43**   **0.97**                            **341**   **−0.93**   **1.44**              **−0.66, −0.06**   **0.36 S**    
  Speech                                                                                                                                                                                                           
  PCC                                                                        50       71.8        14.3                                341       74.5        12.2                  −0.51, 0.08        −0.22         
  **PCC-Z**                                                                  **50**   **−3.06**   **1.42**                            **341**   **−2.51**   **1.51**              **−0.66, −0.07**   **−0.37 S**   
  **PVC**                                                                    **50**   **91.9**    **6.1**                             **341**   **93.6**    **4.4**               **−0.66, −0.07**   **−0.36 S**   
  PVC-Z                                                                      50       −3.24       1.97                                341       −2.68       1.84                  −0.60, 0.00        −0.30         
  **II**                                                                     **50**   **88.8**    **10.2**                            **341**   **92.1**    **7.8**               **−0.70, −0.11**   **−0.40 S**   
  **II-Z**                                                                   **50**   **−3.35**   **2.02**                            **341**   **−2.65**   **2.10**              **−0.63, −0.04**   **−0.33 S**   
  **OII**^[f](#TFN33){ref-type="table-fn"}^: **% Lowered Intelligibility**                                                 **34.0**                                    **14.1**                                    **0.002**

*Notes*: OME = Otitis Media with Effusion; PE = Pressure Equalization; PCC-Z = Percentage of Consonants Correct-*Z*-score; PVC = Percentage of Vowels Correct; PVC-Z = Percentage of Vowels Correct-*Z*-score; II-Z = Intelligibility Index-Z-score; OII = Ordinal Intelligibility Index.

The right-most three columns include findings from between-group inferential statistical analyses of each variable. Statistically significant findings are bolded.

Effect Size: Small (S) \>0.2; Medium (M) \>0.5; Large (L) \>0.8.

Fisher's exact tests.

[@R42].

Oral Composite Standard Score from *Oral and Written Language Scales* (OWLS; [@R4]).

[@R14]. Lowered intelligibility: \<85%.

###### 

Speech findings for 14 participants with concurrent Speech Delay and early Speech Motor Delay (SMD) treated for Speech Delay.

                                                                     Normalized SMD by 9 years of age (*n* = 11)   Persistent SMD (*n* = 3)   Between-group Comparisons                                                           
  ------------------------------------------------------------------ --------------------------------------------- -------------------------- --------------------------- ------ --- ------- ------ ------- ------------- ------- -------
  Demographic                                                                                                                                                                                                                     
  Gender (male)                                                      11                                                                                                   81.8   3                  100.0                         1.000
  Age (yrs)                                                          11                                            4.5                        0.9                                3   4.3     0.6            −1.06, 1.50   0.22    
  Speech^[b](#TFN36){ref-type="table-fn"}^                                                                                                                                                                                        
  PCC                                                                11                                            66.6                       11.6                               3   71.6    7.3            −1.71, 0.86   −0.43   
  PCC-Z                                                              11                                            −3.30                      1.15                               3   −2.37   1.50           −2.02, 0.59   −0.72   
  PCCR                                                               11                                            72.0                       12.2                               3   80.5    8.0            −1.99, 0.62   −0.69   
  PCCR-Z                                                             11                                            −4.19                      1.04                               3   −2.97   1.89           −2.26, 0.39   −0.93   
  PVC                                                                11                                            90.6                       5.5                                3   91.2    0.9            −1.39, 1.17   −0.11   
  PVC-Z                                                              11                                            −3.58                      1.67                               3   −4.74   0.45           −0.60, 2.01   0.71    
  II                                                                 11                                            86.4                       9.7                                3   87.6    14.9           −1.38, 1.17   −0.10   
  II-Z                                                               11                                            −3.55                      2.12                               3   −2.65   2.09           −1.68, 0.89   −0.40   
  OII^[c](#TFN37){ref-type="table-fn"}^: % Lowered Intelligibility                                                                                                        54.5                      33.3                          1.000

*Notes*: PCC = Percentage of Consonants Correct; PCC-Z = Percentage of Consonants Correct-Z-score; PCCR = Percentage of Consonants Correct-Revised; PCCR-Z = Percentage of Consonants Correct-Revised-Z-score; PVC = Percentage of Vowels Correct; PVC-Z = Percentage of Vowels Correct-Z-score; II = Intelligibility Index; II-Z -- Intelligibility Index-Z-score; OII = Ordinal Intelligibility Index.

Fisher's exact tests.

At first assessment.

[@R14]. Lowered intelligibility: \<85%.
